Current clinical available retinal imaging techniques have limitations, including limited depth of penetration or requirement for the invasive injection of exogenous contrast agents. Here, we developed a novel multimodal imaging system for high-speed, high-resolution retinal imaging of larger animals, such as rabbits. The system integrates three state-of-the-art imaging modalities, including photoacoustic microscopy (PAM), optical coherence tomography (OCT), and fluorescence microscopy (FM). In vivo experimental results of rabbit eyes show that the PAM is able to visualize laser-induced retinal burns and distinguish individual eye blood vessels using a laser exposure dose of ~80 nJ, which is well below the American National Standards Institute (ANSI) safety limit 160 nJ. The OCT can discern different retinal layers and visualize laser burns and choroidal detachments. The novel multi-modal imaging platform holds great promise in ophthalmic imaging.
INTRODUCTION
The field of biomedical photoacoustic imaging has experienced explosive development recently [1] [2] [3] [4] [5] [6] [7] [8] . Based on energy conversion of nanosecond pulse duration laser light into ultrasound, the emerging photoacoustic imaging can visualize biological samples at scales from organelles, cells, tissues, organs to small-animal whole body and can reveal its anatomic, functional, molecular, genetic, and metabolic information [1, 2, [9] [10] [11] [12] . Photoacoustic imaging has found unique applications in a range of biomedical fields, such as cell biology [12] [13] [14] , vascular biology [15, 16] , neurology [17, 18] , oncology [19] [20] [21] [22] , dermatology [23] , pharmacology [24] , rheumatology [25] , and hematology [26, 27] . Its application in ophthalmology, that is, photoacoustic ocular imaging, has attracted substantial interests from both scientists and clinicians and is currently under active investigation.
Different from routinely used ocular imaging technologies [28, 29] , such as fluorescein angiography (FA) and indocyanine green angiography (ICGA), optical coherence tomography (OCT), and OCT angiography, photoacoustic ocular imaging uses optical absorption as the contrast mechanism. This provides a unique tool for studying optical absorption properties of the eye. To date, significant work has been done in photoacoustic ocular imaging [30] [31] [32] [33] [34] [35] [36] [37] , but these studies focus on the posterior segment imaging of the eyes of small animals, such as rats and mice. The pioneering studies well demonstrate the feasibility in ophthalmology but there is still a long way to go towards clinical translation since eyeball sizes of rats and mice are much smaller (less than one-third) than that of humans. Towards this goal, we developed noninvasive, label-free chorioretinal imaging in living rabbits using integrated photoacoustic microscopy (PAM), spectral-domain OCT (SD-OCT), and fluorescence microscopy (FM) [38, 39] . The developed system has excellent performance and could visualize the retina and choroid of the eyes of larger animals.
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Multi-modality imaging system
The light source of the photoacoustic microscopy (PAM) is an optical parametric oscillator (OPO) laser pumped by a diode-pumped solid-state laser (Ekspla NT-242, Lithuania). Key technical specifications include pulse repetition rate 1 kHz, pulse duration 3 -6 ns, and tunable wavelength range 405 -2600 nm. In PAM, the emanating laser beam at 570 nm is focused, filtered, and collimated by a beam collimator [see Fig. 1(a) ]. The beam collimator is composed of a focusing lens (focal length 250 mm), a pinhole (diameter 50 μm), and a collimating lens (focal length 30 mm). After being collimated, the laser beam should be circular in shape with a diameter of about 2 mm. The collimated beam is successively deflected by a mirror and a dichroic mirror (DM) and raster-scanned by a two-dimensional galvanometer, which is a shared component with the spectral domain (SD)-OCT system.
The scanned beam travels through a telescope composed of a scan lens (focal length 36 mm) and an ophthalmic lens (OL, focal length 10 mm) and is finally focused on the fundus by the rabbit eye optics. Endogenous ocular chromophores, mainly hemoglobin in this work, absorb the laser energy and produce photoacoustic signal. The generated photoacoustic signal propagates through the eye and is captured by a custom-built needle-shaped ultrasonic transducer (center frequency 27 MHz, two-way -6 dB bandwidth 60%, Optosonic Inc., Arcadia, CA, USA), which is placed in contact with the conjunctiva off the central visual axis. The signal is then amplified by an ultrasonic amplifier (gain 57 dB), filtered by a low-pass filter (cutoff frequency 32 MHz), and digitized by a high-speed digitizer at a sampling rate of 200 MS/s. Laser pulse energy on the rabbit cornea is monitored by a power meter and is kept below the American National Standards Institute (ANSI) safety limit 160 nJ at 570 nm [38] . No signal averaging is used in data acquisition. The imaging speed is limited by the pulse repetition rate of the OPO laser, which is 1 kHz in this case. The laser, the galvanometer, and the digitizer are synchronized through a data acquisition (DAQ) board. The software for system control and data acquisition is custom-programmed in Matlab. The spectral-domain optical coherence tomography (SD-OCT) system was adapted from a commercially available system from Thorlabs (Ganymede-II-HR, Thorlabs, Newton, NJ, USA) by adding an ocular lens (OL) after the scan lens and a piece of dispersion compensation glass (DCG) in the reference arm [see Fig. 1(a) ]. The light source centered at 905 nm consists of two individual superluminescent diodes (SLD), one centered at 846 nm, the other one at 932 nm. The estimated bandwidth is about 220 nm. A zooming housing tube is used to adjust the reference arm length to ensure its match with the optical path length of the sample arm. An iris is used to control the intensity of retro-reflected reference light to ensure its match with back-scattered light intensity from the rabbit fundus to achieve maximum image contrast. A charge-coupled device (CCD) camera encapsulated in the scan head is used for real-time visualization of rabbit fundus with an illumination light emitting diode (LED) as an external illumination source. The OCT imaging speed is determined by the scanning rate of the galvanometer, which is 36 kHz in this case.
The fluorescence microscopy (FM) shares the same laser source with PAM and uses a DM, a clean-up filter, a collecting lens, and an avalanche photodiode (APD) to receive fluorescence signals.
Animal preparation
All rabbit experiments were performed in accordance with the ARVO (Association for Research in Vision and Ophthalmology) Statement for the Use of Animals in Ophthalmic and Vision Research, after approval of the laboratory animal protocol by the Institutional Animal Care and Use Committee (IACUC) of the University of Michigan (Protocol PRO00006486, PI Yannis Paulus).
As a general procedure, pre-experiment vitals, including overall animal state, mucous membrane color, heart rate, respiratory rate, and rectal temperature, were first monitored and recorded. Rabbits were then anesthetized with a mixture of Ketamine (40 mg/kg) and Xylazine (4 mg/kg) through intramuscular (IM) injection. Rabbit pupils were dilated using Tropicamide 1% ophthalmic and Phenylephrine Hydrochloride 2.5% ophthalmic. A speculum was used to hold the eyelids out of the way and frequent eye lubricant was then applied to moisten the cornea. A drop of topical Tetracaine 0.5% was instilled in the eye before the imaging procedure. The rabbit body and head were supported on different platforms to minimize motion artifacts during imaging. A water-circulating blanket (TP-700, Stryker Corporation, Kalamazoo, MI) was used to warm the rabbit during the experiment. Vitals, including mucous membrane color, heart rate, respiratory rate, and rectal temperature, were monitored and recorded every 15 minutes to ensure animal comfort and correct level of anesthesia. The axial resolution of PAM was calculated by shifting a typical A-line signal (one-dimensional point spread function) and then adding the shifted signal to the original [ Fig. 2(b) ]. The minimum shift distance that still allows for discrimination of the two peaks according to the full-width half-maximum (FWHM) criterion is regarded as the axial resolution [40] . The axial resolution of OCT was simply estimated using the A-line signal width at FWHM [ Fig. 2(d) ]. The quantified axial resolutions of PAM and OCT are 37.0 μm and 4.0 μm, respectively, in this case.
RESULTS
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Imaging results
To validate the performance of the multi-modality imaging system, laser burns on the retina were induced to three New Zealand white rabbits (male, ~6 months old, body weight ~3 kg) using a 532 nm photocoagulator laser (Vitra, Quantel Medical, pulse duration: 100 ms, spot size on the retina: ~300 µm). A clinical endpoint of moderate intensity laser burns was applied. The laser-induced burns were then monitored using the imaging platform.
Figures 3 shows a typical PAM C-scan image 7 days after the application of the laser burns. The imaging wavelength is 570 nm. The PAM image discerns individual choroidal vessels and maps blood vessels status around the laser burn sites. Vessels in the laser burns are much fewer compared with those in untreated retina areas. Figure 4 shows a typical OCT B-scan image immediately following laser photocoagulation, which led to hyper-reflective, full thickness circular regions of retinal thickening as well as retinal and choroidal detachments are clearly visible. Figure 5 shows fluorescence imaging results of mouse footpad tissue labeled with Alexa 488 fluorophore. The tissue could be resolved with fine details. 
CONCLUSION
Towards the goal of clinical translation of photoacoustic ocular imaging, we developed a novel, high-speed, highresolution, multimodal retinal imaging system, including photoacoustic microscopy (PAM), optical coherence tomography (OCT), and fluorescence microscopy (FM). Phantom experiments show that the system has quantified lateral resolutions of 4.1 µm (PAM) and 3.8 µm (OCT), and axial resolutions of 37.0 µm (PAM) and 4.0 µm (OCT) at the focal plane of the objective. In vivo rabbit experiments show that the PAM is able to visualize laser-induced retinal burns and distinguish individual eye blood vessels using a safe laser exposure dose at half of the ANSI safety limit. The OCT can discern different retinal layers and visualize laser burns and choroidal detachments. The novel multimodal system holds great promise in ophthalmic imaging.
